Introduction
[2] Distributions of the tropospheric column of ozone, as viewed from space, were first derived from measurements of total column ozone from the Total Ozone Measurement Spectrometer (TOMS) [Fishman and Larsen, 1987; Fishman et al., 1990] . These observations provided valuable information about the global distribution of tropospheric ozone and the influence of biomass burning in the tropics. Estimates of tropospheric ozone from TOMS rely on various residual methods, in which the column of stratospheric ozone is subtracted from the total column of ozone, [e.g., Fishman and Larsen, 1987; Hudson and Thompson, 1998; Ziemke et al., 1998 Ziemke et al., , 2005 . The global distribution of tropospheric ozone has also been retrieved directly from the Global Ozone and Monitoring Experiment GOME [Liu et al., 2005 [Liu et al., , 2006 . Neither of these observing methods provide vertical profiles of ozone. In order to investigate the mechanisms that control tropospheric ozone, vertical information is required.
[3] The Tropospheric Emission Spectrometer (TES) on EOS-Aura was designed to measure the global, vertical distribution of tropospheric ozone and ozone precursors such as carbon monoxide [Beer et al., 2001; Beer, 2006] . In cloud-free conditions, the vertical resolution of TES nadir ozone estimates is about 6 km with sensitivity to both the lower and upper troposphere, as well as the stratosphere [Bowman et al., 2002; Worden et al., 2004] .
[4] Ozonesondes fill a critical need for the validation of TES ozone profiles by providing in situ data from the surface to the stratosphere, with fine vertical resolution ($150 m). The primary challenge with using ozonesondes for TES validation is the relatively small number of acceptable coincident measurements for use in a statistical analysis. We apply an initial set of relatively loose coincidence criteria, described in section 2.3, followed by more selective criteria, based on temperature differences as discussed in section 4.2. These combined criteria result in a set of comparisons that are examined for statistical biases between TES and ozonesondes.
[5] To make comparisons between TES and ozonesondes, we must account for the vertical resolution and sensitivity of TES by applying the TES-averaging kernel and constraint to the sonde data. This results in a vertical profile that represents what TES would estimate for the atmospheric state as measured by the sonde and will be referred to as the sonde profile with the TES operator. Differences between TES ozone profiles and ozonesonde profiles with the TES operator are compared below to known systematic and random errors.
[6] The analysis presented in this paper is limited to observations between 20 September 2004 and 17 November 2004. The TES data used here, the V001 Beta Release, are available from the Langley Atmospheric Science Data Center (ASDC): http://eosweb.larc.nasa.gov/PRODOCS/ tes/table_tes.html. Our purpose is to document the accuracy of the first release of TES data. The TES calibration has been improved over that used in the V001 Beta Release [Worden et al., 2006] . Future validation efforts will use TES data with the updated calibration (V002), and cover a more extensive period of ozonesonde data. In order for the user to be able to explicitly account for vertical sensitivity when using or interpreting TES data, all the data versions include the averaging kernel and a priori constraint vector for each estimated profile.
Data

TES Data
[7] TES is a nadir and limb viewing infrared Fourier transform spectrometer (FTS) with an apodized resolution of around 0.10 cm À1 and a spectral range from 650 to 3250 cm À1 . The footprint of each nadir observation is 5 km by 8 km. TES is on the EOS-Aura platform [Schoeberl et al., 2006] (http://aura.gsfc.nasa.gov/) in a near-polar, sunsynchronous, 705 km altitude orbit. The ascending node equator crossings are near 1:45 pm local solar time. The TES instrument and data acquisition modes are described by Beer et al. [2001] and Beer [2006] . The data used for these comparisons are nadir profiles only and include the first full 16-orbit Global Survey run, taken on 20 September 2004 and all subsequent Global Survey and Step/Stare runs up to 17 November 2004. Nadir observations for the Global Survey runs used here are about 5°apart along the orbit track, with successive orbits 22°apart in longitude.
Step/ Stare runs have denser nadir coverage, about 0.4°apart, and typically cover a 60°latitude range. Several of the TES Step/Stare runs were taken during the AVE (Aura Validation Experiment) campaign in Houston October -November 2004 where both aircraft (WB-57) and sonde data were collected. In all, eight Global Surveys and nine Step/Stares were used for this study. Representative data coverage over 16 orbits of Global Survey measurements is shown in Figure 1 .
[8] Atmospheric ozone concentrations are estimated from the 9.6 mm ozone absorption band using a spectral range from 995 to 1070 cm À1 . The algorithms and spectral windows used for TES retrievals of atmospheric state parameters with corresponding error estimation are described by Worden et al. [2004] and Bowman et al. [2002 Bowman et al. [ , 2006 . TES retrievals use an optimal estimation approach following Rodgers [2000] . Kulawik et al. [2006b] show how individual TES profiles are characterized for errors and vertical information. Temperature and water vapor are retrieved concurrently with ozone. For operational simplicity, we set the initial guess to be equal to the a priori constraint in the retrieval. TES ozone retrievals use a priori profiles and covariance matrices from a climatology developed using the MOZART model [Brasseur et al., 1998; Park et al., 2004] . A priori information for temperature and water vapor is obtained from Goddard Space Flight Center (GSFC) Global Modeling and Assimilation Office (GMAO) [Bloom et al., 2005] .
[9] The TES data used in this analysis include both clear and cloudy nadir target scenes. The TES algorithms for modeling the atmospheric radiance and retrieving atmospheric parameters in the presences of clouds are described by Kulawik et al. [2006a] . TES nadir ozone profiles typically have a vertical resolution of around 6 -7 km in the troposphere. The vertical resolution of tropospheric temperature is about 2 -3 km. The primary diagnostic information used for screening failed retrievals in this analysis is the square of the radiance residual (data: forward model radiance), normalized by the NESR (Noise Equivalent Spectral Radiance), and is denoted as c 2 . Retrievals with c 2 < 1.6 were eliminated from the analysis.
Sonde Data
[10] Almost all the data used here were obtained using electrochemical concentration cell (ECC) ozonesondes, which rely on the oxidation reaction of ozone with potassium iodide in solution [Komhyr et al., 1995] WMO, 1998) . The ozonesondes are flown with radiosondes, so that temperature data are also available. The sondes provide profiles to a maximum altitude of about 35 km (not all balloons reach this altitude) with vertical resolution of $150 m for ozone. The sonde data are provided in units of ozone partial pressure on a vertical scale of atmospheric pressure. The accuracy of the ozone measurement is about ±5% in the troposphere (WMO, 1998) . Ozonesonde data used in this analysis were obtained from the World Ozone and Ultraviolet Data Center (WOUDC) (http://www.woudc.org), and the Southern Hemisphere Additional Ozonesonde (SHADOZ) archive (http://croc.gsfc.nasa.gov/shadoz). Most sonde stations make measurements weekly, but several in Europe make measurements 2 -3 times a week. A few of the sondes used for validation were launched at the time of TES overpasses, including those from the AVE campaign [Morris et al., 2006] , and sondes from selected SHADOZ sites. Table 1 lists the sonde sites for the data used in these comparisons. Although more sondes were launched to coincide with Aura overpasses, and many other sites were checked for coincidences, only those passing both the initial criteria and the more restrictive temperature comparison criterion (discussed in section 4.2) are listed in Table 1 .
[11] Most of the sonde data at the WOUDC have been normalized to the overhead column of ozone measured by a Dobson or Brewer instrument. The normalizing, or correction, factor (CF) was used here to screen the data. We included profiles for which the CF was in the range 0.85 to 1.15. The data provided at the SHADOZ archive have not been normalized [Thompson et al., 2003] . We screened the SHADOZ data by integrating each sonde profile and comparing it to the ozone column from TOMS (Total Ozone Mapping Spectrometer) overpass data (http://toms.gsfc. nasa.gov); the amount of ozone above balloon burst is taken from a climatology which is an update of McPeters et al. [1997] . We eliminated from further analysis profiles for which the ratio of the integrated sonde/TOMS column differed from the mean value for that location by more than 15%. Although all the SHADOZ stations use ECC sondes, there are differences due to procedures, the solution strength of KI, and the instrument type (there are two manufacturers), as described by Thompson et al. [2003 Thompson et al. [ , 2007 . Consequently, when the integrated profiles are compared to TOMS column data there are station-to-station differences of up to 10%. These differences are small compared with the TES-sonde differences found below, but must be considered in future work as the TES calibration and retrieval is refined.
Coincidence Criteria
[12] Sonde -TES measurement pairs are selected using criteria required to obtain a sufficient number of matches for reasonable statistics. These criteria should be considered carefully with respect to expected scale dependencies for atmospheric variability. For example, Sparling and Bacmeister [2001] suggest a distance criterion of 100 km. However, applying this criterion we would obtain only three sonde-TES matches in this data set. Following the experience of previous satellite/sonde intercomparisons such as those with the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on ENVISAT [Steck et al., 2003; Migliorini et al., 2004] , we selected standard criteria of 600 km (TES measurement to sonde launch site) and 48 hours. To take advantage of all the sonde launches during the AVE campaign timed for the Aura overpass, we used a looser distance criterion of 800 km. Although these coincidence criteria might be more appropriate for stratospheric variability than for the troposphere, we found that tighter criteria yielded an insufficient number of matches for a meaningful analysis of the comparisons. Using these criteria for the September to November 2004 TES data gives 55 sonde-TES measurement pairs, shown in Figure 2 . The refinement of these initial criteria is discussed in section 4.2.
Comparing In Situ and Remotely Sensed Data
Procedure for Sonde and TES Data Comparisons
[13] In order to compare TES profiles with in situ measurements, we must first account for the vertical smoothing and variable sensitivity inherent to trace gas and temperature profiles obtained by remote sensing, as shown in equation (1). Along with the sensitivity to the estimated parameters, the relative effect of the retrieval constraint vector, or a priori, varies with pressure. For each TES-sonde measurement pair, we apply the TES averaging kernel and constraint vector, or TES operator, to the sonde data, producing a profile that represents what TES would measure for the same air sampled by the sonde, in the absence of other error.
[14] The method of measurement intercomparison for remote sensing, accounting for averaging kernels and the a priori information used in the estimates, is described by Rodgers [2000] and Rodgers and Connor [2003] , and was a critical step in the validation of MOPITT (Measurement of Pollution in the Troposphere) CO profiles [Emmons et al., 2004] . We can neglect the averaging kernels associated with the sonde profiles since they are close enough to identity matrices due to vertical resolution ($150 m) that is much finer than that of TES. As described in the equations below, the adjusted sonde profile, hereafter referred to as the sonde profile with TES operator (sonde w/TESop), can then be differenced with the corresponding TES profile and compared to estimated errors. [15] Given a state vector x, in this case either temperature in K or ozone in logarithm of volume mixing ratio (VMR) as a function of pressure, the TES estimate can be written as the linear expression:
where x a priori is the a priori constraint vector, n is the spectral noise, G is the gain matrix, which describes the sensitivity of the estimate to the measured radiance with
F is the forward model radiance, K is the Jacobian matrix, S n is the measurement covariance, and L is the constraint matrix. These give the averaging kernel A xx = GK, which is the sensitivity of the retrieval to the true state. We also define the ''cross-state'' errors incurred from retrieving multiple parameters (e.g., temperature, water vapor and surface emissivity) as:
where A cs is the submatrix of the averaging kernel for the full state vector of all jointly retrieved parameters that relates the sensitivity of x to x cs , the vector of cross-state parameters and corresponding cross-state a priori constraint vector. (see Worden et al. [2004] and Bowman et al. [2006] for more details on notation and definitions.)
[16] The in situ measurement for the same atmospheric state x is:
with error vector d sonde for the sonde profile. (We assume the sonde errors have an uncorrelated, i.e., diagonal only covariance). For sonde profiles that did not reach 10 hPa, the unmeasured part of the stratosphere is approximated by appending the TES a priori. For ozone, the TES a priori is scaled to the last available sonde point and for temperature it is shifted. The sonde data are interpolated and extrapolated to a fine level pressure grid (180 levels per decade pressure; 800 levels from 1260 hPa to 0.046 hPa). This ensures a robust mapping procedure since the pressure grids of the original sonde data are irregular and variable. The sonde profiles were then mapped to the 87 level pressure level grid, covering 1212 hPa to 0.1 hPa, used for TES profiles and averaging kernels with a mapping matrix (M*) that is the pseudo-inverse of the matrix (M) that interpolates from the 87 TES pressure levels to the fine level pressure grid with
The equivalent TES estimate for the sonde measurement, sonde w/TESop, is then:
We can now difference the TES (equation (1)) and sonde w/ TESop (equation (5)) estimates:
For the following analysis, we only consider the differences in the troposphere. It is important to note that the difference above does not include the constraint vector x a priori , which simplifies the errors in the comparison. Because the difference is not biased by the a priori, we can use the comparisons to identify other biases in TES ozone profiles, such as those due to radiometric calibration error. The expected error for this difference is: where S sonde is the sonde error covariance, S n is the spectral radiance measurement error covariance and S cs is a block diagonal matrix containing the (uncorrelated) a priori covariances for the other jointly retrieved parameters, e.g., TATM (atmospheric temperature) and H 2 O (water vapor):
[17] The main contributions to the difference error are the TES measurement and cross-state terms which vary with altitude, and can be as high as 15-20% (each) for ozone. The sum of measurement and cross-state errors is labeled the observational error, which is provided in TES V002 data products. For this analysis, we neglect the errors associated with the sonde measurements (±5%) since they are significantly smaller than the TES error terms. We also neglect the approximation of the stratosphere that is applied in some sonde cases since the effects to the troposphere are minor. The error for the TES-sonde difference assumes that both measure the same atmospheric state. This, of course, is not the case, and differences in the sampled atmosphere are examined further in the following sections.
TES Nadir Ozone-Averaging Kernel Examples
[18] Averaging kernels are essential for understanding TES estimated profiles because they show where the retrieval is most sensitive vertically and how information is smoothed, thus giving a measure of the vertical resolution. They are computed and reported for each TES profile and provide the means for intercomparisons as well as for data assimilation [Jones et al., 2003] . Figure 3 shows examples of TES nadir ozone-averaging kernels for clear and cloudy conditions. These plots illustrate how vertical smoothing in TES retrievals combines the information from different altitudes. In particular, the ozone abundance in the stratosphere has a significant influence on the TES retrieval of ozone in the upper troposphere (magenta and dark blue lines). By contrast, the TES retrievals in the lower troposphere are relatively free of stratospheric influence (green lines).
Results
Comparison Examples
[19] To demonstrate the TES-sonde comparison method, we examine two particular cases to see the effects of the TES operator (using equation (5)) on the input sonde data. Figure 4 shows the comparisons of TES data acquired on 11 October 2004 to a sonde launched from Ascension Island within an hour of the Aura overpass and TES data acquired on 10 November 2004 to a sonde launched a day earlier from Kagoshima. The corresponding TES ozone-averaging kernel is shown in Figure 3 , right. Figure 4 shows how the fine vertical structure of the original sonde data is smoothed by the averaging kernel. In the altitude range below the observed cloud in the Kagoshima case, where TES has no sensitivity, both TES and sonde with TES operator profiles have the values of the a priori. Since the Kagoshima sonde data had a minimum pressure of 23.7 hPa, the top of the profile was extended by scaling the a priori to match the last available sonde value. Applying the same method, TES and sonde temperature profiles are also compared. noaa.gov/ready/hysplit4.html). We found that there was a distinct relationship between cases with poor temperature comparisons (several pressure levels with >5 K differences between TES and sonde in the troposphere) and trajectories that represented obviously different source regions, as shown in Figure 5 . In contrast, Figure 6 shows a case where the temperature difference falls within the criteria for an acceptable match (<5 K differences in the troposphere) and the corresponding similar back trajectories. We therefore use sonde-TES temperature differences as an additional filter to select comparison cases for the statistical analysis that follows.
Trajectory Analysis and Temperature Difference Criterion
Ensemble Results
[21] When we apply the temperature difference criteria described above, and exclude latitudes >60°where TES measurements are less reliable because of poor surface characterization, we are left with 43 coincident pairs, listed in Table 1 . These represent a range of latitudes and cloud cover conditions. There were three cases, all in the northern midlatitudes, with high thick clouds obscuring the lower troposphere (effective cloud optical depth >3 at pressures less than 750 hPa). These cases were excluded from the statistics for the lower troposphere. Three other cases had low thick clouds (cloud top pressure >750 hPa). All other cases had effective cloud optical depths ranging from 0.01 to 1.3, with corresponding effects to TES sensitivity in the lower troposphere. Under these varying cloud conditions, the application of the TES operator to the sonde data ensures that the comparisons are unbiased by the TES a priori.
[22] Figure 7 shows an ensemble plot of all 43 sonde (w/TESop)-TES ozone profile differences in ppb and the corresponding temperature profile differences in Kelvin (K). The figure reveals a clear bias, with TES measuring higher ozone in the upper troposphere, peaking around 200 hPa. There are also systematic temperature biases À the TES temperatures too high in the upper troposphere and too low in the lower troposphere. The temperature bias is corroborated by other comparisons to radiosondes and AIRS retrievals (G. B. Osterman (Ed.), TES Validation Report, version 1.00 (available at http://eosweb.larc. nasa.gov/PRODOCS/tes/table_tes.html), and is discussed below in terms of the effects of a calibration error in section 5.
Tropics and Midlatitude Characteristics
[23] Figure 8 compares vertical averages of TES and sonde with the TES operator data so that we can summarize TES ozone estimates for different latitudes and ozone abundance conditions. The plots show unweighted averages over TES vertical levels in the lower troposphere (surface to 500 hPa) and upper troposphere (500 hPa to tropopause or 200 hPa, whichever is at higher pressure). The tropopause pressures are computed by fitting the TES temperature profile minima, and they range from 300 hPa (higher latitudes) to 100 hPa for the tropics. In order to minimize the influence of the stratosphere in the upper troposphere, due to the averaging kernel, we set the minimum pressure for the averages at 200 hPa. Results are also shown separately for the tropics (latitude <25°) and midlatitudes (25°> latitude > 60°). The figure includes the mean bias and root mean square (rms) of the differences. There is clearly a linear relationship between TES and sonde measurements in the tropics, for both the upper and lower troposphere, and in the upper troposphere at midlatitudes. This is the case even though the upper tropospheric bias in each region is larger than the TES measurement and crossstate errors. This linearity gives confidence to users of TES data that relative variations as observed on a global map are significant, even though biased.
Correlations of Error-Weighted Differences
[24] In order to test our assumptions for coincidence criteria, we calculate the error-weighted differences between the sonde with TES operator and TES profiles, averaged for the upper and lower troposphere, denoted as jhD TES-sonde ij s . The difference D TES-sonde is defined in equation (6), with averaging over pressures indicated by h i. The vertical bars indicate magnitude values and subscript s indicates that the difference is divided by the diagonal error from the terms in equation (7) for TES measurement and cross-state errors. The error weighting allows us to test for correlations in the ozone differences while accounting for the possible dependence on TES measurement errors. We have found only weak correlations, listed in Table 1 , for ozone differences with distance and time coincidence criteria, although this could be due to the small number of comparisons. These low correlations suggest that our bias is dominant over differences that might be expected from horizontal-scale variations. We have also considered correlations with the TES retrieved cloud top pressure. Although these correlations are negative as expected; that is, higher clouds (lower pressure) would interfere more with the comparison, they are also relatively weak. For comparison, the correlations for the pressure averaged TES and sonde with TES operator abundances, shown in Figure 8 , are given in the last row of Table 2 .
Sensitivity to Profile Shape
[25] Finally, we use ozonesonde-TES comparisons to determine if TES measurements can differentiate large-scale profile features, such as enhancements due to biomass burning downwind of source regions such as those observed routinely at Ascension Island. [Thompson et al., 1996] . Figure 9 shows the comparison of three ozonesonde profiles (two from Natal and one from Ascension), the corresponding comparison of the closest TES measurements and the a priori used for the TES retrievals, where differences in the latter are due only to changes in the monthly climatology data. It is clear that even with a bias in the upper troposphere, TES is sensitive to the enhanced tropospheric ozone observed at Ascension. Figure 10 shows a similar comparison for sonde and TES profiles at subtropical and midlatitudes and demonstrates TES sensitivity to the different ozone gradients corresponding to latitudinal variations in tropopause height.
Expected Calibration Improvements
[26] The TES radiance spectra used for these comparisons (V001) have known calibration errors that will be corrected in the next data version, [Worden et al., 2006] . For one TES Global Survey, run 2147, taken 20 September 2005, we have processed the data with an improved L1B calibration algorithm and we examine the expected changes for ozonesonde comparisons with V002 data. The primary validation for TES radiances is a comparison with measurements from AIRS on EOS-Aqua [Pagano et al., 2003 ], taken about 12 minutes earlier along the same orbit. TES spectral data are convolved with the AIRS spectral response function (SRF) before the comparison is made. For the data set used in this study, there are differences >1 K in brightness temperature for the TES-AIRS comparisons. Improved calibration algorithms reduce this to better than 0.5 K. An example of the resulting changes to the ozone retrievals is shown in Figure 11 . Only three cases were available for comparing with ozonesonde data, but all showed significant Figure 8 . Comparisons of TES (with error bars) and sonde with TES operator average abundances. The four panels show upper troposphere (UT) averages (500 hPa to tropopause or 200 hPa, whichever is at higher pressure) separated for midlatitudes (25°< latitude < 60°) and tropics (latitude < 25°) and lowertroposphere (LT) averages (surface to 500 hPa) separated for midlatitudes and tropics. Dashed lines show the 1:1 reference. TES-sonde (w/TESop) bias and RMS values, in ppbV are shown for the N number of cases in each panel. Three cases were excluded for midlatitude LT due to optically thick clouds above 750 hPa. 
Conclusions and Outlook
[27] We have established that TES V001 ozone retrievals in the upper troposphere are biased high compared to sonde measurements. Despite this bias, TES is able to distinguish between high and low ozone abundances in both the lower and upper troposphere and can detect large-scale features in ozone profiles.
[28] We plan further validation of the TES ozone product using TES retrievals with the improved calibration discussed in section 5. Future TES-sonde comparisons will have better statistics because of increased nadir sampling for the TES Global Survey mode since 21 May 2005. Nadir scans are now spaced $1.6°along the orbit track, instead of every 5°, which is the spatial sampling of the earlier TES nadir data, such as shown in Figure 1 . This increase was at the expense of routine limb observations, but has significantly improved the number of useful tropospheric ozone measurements. In our future work, we expect to be able to use stricter spatial and temporal criteria for matches, in part because of the higher frequency of TES nadir sampling, which should lead to more matches with routine ozonesonde launches and also because sondes are being launched coincident with Aura overpasses as part of planned validation campaigns. We will also examine the role of natural variability in influencing sonde-TES differences. Figure 11 . Example of changes to the ozone retrieval and comparison to sonde for the improved L1B calibration to be applied for TES V002 data.
